Hypertension-induced left ventricular (LV) hypertrophy is an independent risk factor for heart failure. To understand the impact of LV hypertrophy on cardiac hemodynamic before heart failure development, we studied LV performance and nitric oxide (NO) and reactive oxygen species (ROS) signaling in 6-month-old SHRs and age-matched Wistar-Kyoto rats (WKY) subjected to preload and afterload challenges. SHRs exhibited higher LV weight, LV developed pressure (LVDP), LV end-systolic pressure (LVESP), rate of rise (LV dp/dt max ) and fall (LV dp/dt min ) in LV pressure. Further, LV nNOS, but not eNOS, expression and nitrite/nitrate (NOx) were higher in SHRs than WKYs. Acute volume overload (dextrose infusion) caused smaller reductions in LV dp/dt max and LVDP and greater increases in LVEDP and isovolumic relaxation constant (Tau, τ) in SHRs, compared with WKYs, suggesting a better preserved systolic and depressed diastolic functions in SHRs. SHRs exhibited improved LV performance during pressure overload (phenylephrine infusion) as reflected by the greater increases in LVDP, LVESP, LV dp/dt min , and LV dp/dt max . LV ROS was increased by overload challenges in WKYs but not in SHRs. Overall, the blunted increase in LV ROS may account for the betterpreserved ventricular performance during volume or pressure overload in SHRs despite evidence of early LV hypertrophy.
or lower [9] cardiac outputs have been reported in young SHR (3-4 months) compared with WKY rats. Moreover, Kobayashi et al. [4] showed increased contractility in myocytes isolated from 12-monthold SHRs.
Cardiac NO modulates cardiac functions both under physiological as well as pathophysiological conditions such as hypertension and heart failure [10, 11] . eNOS, the dominant NOS isoform in vascular endothelium and cardiac myocytes, is an important regulator of adrenergic and muscarinic receptor signaling [12, 13] . Moreover, eNOS is a prominent source of endothelial ROS in hypertension [14] . Alternatively, nNOS is detected in sarcoplasmic reticulum and cardiac conduction tissue and is involved in the modulation of the force and rhythm of myocardial contraction [15] . Despite increased NOS expression and NO generation in SHRs [16] , findings on the role of NO in the cardiac contractile function, systemic hypertension, and left ventricular hypertrophy remain contradictory. For instance, NO may decrease [17] , increase [18] , or have no effect [19] on inotropic activity. These inconsistencies may relate to the use of different methods for induction of ventricular hypertrophy and whether anesthesia was employed. While at 6-months of age, the SHR represents an animal model for human hypertension with evidence of LV hypertrophy [20] , the impact of preload and afterload challenges on cardiac performance in this animal model is not known.
Introduction
Chronic LV pressure overload, e.g. in hypertension, leads to cardiac hypertrophy and ultimately heart failure [1] . However, it is not clear if cardiac performance is compromised during early stages of LV hypertrophy before the development of heart failure. Studies in animals with LV hypertrophy revealed conflicting results due to differences in the magnitude, duration, and method of induction of cardiac hypertrophy as well as in the ventricular chamber involved [2] [3] [4] . The SHR is a well-established rat model of genetic hypertension, which resembles essential hypertension in humans [5] . LV hypertrophy in SHRs starts as early as 3 months [6] although the ejection fraction index-afterload relation could remain normal up to 18 months when heart failure starts to develop [7] . Higher [8] ISSN: 2474-3690 ad libitum access to standard laboratory chow and water) for two weeks prior to experimentation. All experiments were approved by the institutional animal care and use committee and carried out in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health.
Intravascular and intra ventricular cannulation
Vascular catheterization was conducted as in our previous studies [23] [24] [25] . Briefly, rats were anesthetized with i.p. injection of a mixture of ketamine (90 mg/kg) and xylazine (10 mg/kg). For intravascular cannulation, catheters, each consisting of 5-cm polyethylene-10 tubing bonded to 15-cm polyethylene-50 tubing, were placed into the abdominal aorta and vena cava via the left femoral vessels for measurement of arterial pressure and intravenous infusions, respectively. For the LV function measurement, polyethylene-50 tubing was inserted into the left ventricle through the carotid artery. Catheters were tunneled subcutaneously and exteriorized at the back of the neck between the scapulae. Catheters were filled with heparinized saline (100 U/ml) and plugged by stainless steel pins. Incisions were closed by surgical clips and swabbed with povidoneiodine solution. Each rat received intramuscular injections of the analgesic buprenorphine hydrochloride (Buprenex, 30 μg/kg) and penicillin G benzathine and penicillin G procaine in an aqueous suspension (Durapen, 100,000 U/kg). The catheter patency was maintained by daily heparin flushes. Two days later, hemodynamic measurements were made in conscious unrestrained rats.
Hemodynamic measurements and experimental groups
A total of 18 male SHRs and 18 age-matched WKY rats were divided into 3 groups for each strain (n = 6 each). Two groups (one SHR and one WKY) were used as controls for the measurement of basal LV NOx and ROS. The other four groups were used for the volume and pressure overload experiments. The arterial and left ventricular catheters were connected to pressure transducers. The data collected by these transducers are comparable to those produced by the Millar catheter [26] .The pressure transducers were attached through MLAC11 Grass adapter cable to a computerized data acquisition system with LabChart-7 pro software (Power Lab, AD Instruments, Inc., Colorado, USA). The MAP, HR, LV dp/ dt max , LV dp/dt min , LVESP, LVEDP, and LVDP were monitored. The isovolumic relaxation constant (Τau, τ), which represents the exponential decay of the ventricular pressure during isovolumic relaxation, was also computed. At least 30 min stabilization period was allowed at the beginning of the experiment. After stabilization, baseline hemodynamic measurements were recorded.
Volume overload
To assess the effect of volume overload on LV performance, 5% dextrose was infused intravenously at low and high rates of 0.01 and0.03 ml/100g BW/s for 30s each based on a reported protocol [27] . Hemodynamic responses were recorded for 5 min after low-rate volume and for 50 min after the high-rate volume overload challenge.
Pressure overload
Phenylephrine was infused at a rate of 8 μg/kg/min to produce a steady-state elevation in blood pressure as described in reported studies including ours [28, 29] . The selection of the phenylephrine dose regimen was also based on preliminary studies in which similar and sustained elevations in blood pressure were observed in the two rat strains. This was important to avoid the impact of discrepancies in the blood pressure response to phenylephrine on the measured LV functions. Hemodynamic monitoring continued for 120 min. Hemodynamic changes was analyzed using the PowerLab ® data acquisition system (Power Lab, AD Instruments, Colorado Springs, CO).
Measurement of ventricular weights
At the conclusion of the experiment, euthanasia was induced with overdose of ketamine and xylazine mixture. The heart was excised immediately and atria and great vessels were removed. The ventricles were blotted free of blood. The left and right ventricles were separated and weighed. The ratio of the weight of the LV or RV to the body weight (mg/100 g) was computed.
Western blots
For the determination of myocardial eNOS and nNOS, the left ventricles from both strains of rats were homogenized on ice in a homogenization buffer [20 mM Tris (pH 7.5), 150 mM NaCL, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 2.5 mM Sodium Pyrophosphate, 1 mM ß-Glyceralphosphate, 1 mM Na 3 VO 4 , 1 mM Phenylmethylsulfonyl fluoride, 1 μg/ml leupetin, 1 tablet/20 ml complete protease inhibitor cocktail (Roche, Indianapolis, IN). After centrifugation (12,000 g for 10 min), protein in the supernatant was quantified (Bio-Rad protein assay system). Protein extracts (50 μg per lane) were run on a 4-12% SDS-PAGE gel (Invitrogen, CA) and electroblotted to nitrocellulose membranes. Blots were blocked for 120 min at room temperature in Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE). They were then incubated overnight at 4°C in Odyssey blocking buffer with mouse antibodies to eNOS 1:3000, nNOS 1:250, iNOS 1:5000 (BD Transduction Laboratories TM , US) and rabbit antibody to GAPDH 1:2000 (Cell Signaling Technology, INC. Danvers, Massachusetts). After 3 washes with PBS-T buffer, the blots were incubated for 50 min at room temperature with a goat anti-mouse secondary antibody IRDye  800CW or a goat anti-rabbit secondary antibody IRDye  680 (LI-COR Biosciences, Lincoln, NE). After 3 washes with PBS-T buffer, the blots were detected by Odyssey Infrared Scanning System. The integrated intensity of the NOS protein bands was quantified by the Odyssey Infrared Imaging Software and expressed as a ratio to the GAPDH band intensity [30, 31] .
Measurement of LV nitrite/nitrate (NOx)
The ventricular NOx content was measured in triplicates using a fluorometric assay kit in accordance with the manufacturer's instructions (Cayman Chemical Company, Ann Arbor, MI) and as in our previous studies [23, 32] . Briefly, 10 µl of enzyme cofactor and 10 µl of nitrate reductase were added to 80 µl sample mixture, incubated at room temperature for 3 hr. Fifty µl of Griess Regent R1 and R2 (Cayman Chemical Company, Ann Arbor, MI) was then added and the absorbance was read at 540 nm.
Measurement of LV ROS
The method described by LeBel et al. [33] was used to measure total ROS/RNS including superoxide, hydroxyl radical, and hydrogen peroxide. Briefly, 2, 7-dichlorofluorescin diacetate (DCFH-DA, Molecular Probes, Inc., Eugene, OR) was dissolved in absolute ethanol at a concentration of 12.5 mM and kept at −80°C and protected from light. It was diluted with 50 mM phosphate buffer (pH 7.4) to a final concentration of 125 μM. DCFH-DA was added to LV homogenate in a 96-well plate to achieve a final concentration of 25 μM. The plates were incubated at 37°C for 30 min in the presence of esterase (0.3 U) to ascertain a steady-level of 2,7-dichlorofluorescein. The change in fluorescence intensity was monitored at two time points (0 and 30 min) using a microplate fluorescence reader (Bio-TEK Instruments, Inc., Winooski, VT) at excitation 485 nm/emission 530 nm. ROS/ RNS status was calculated as fluorescence per milligram of protein and per min. Samples were measured in triplicates.
Drugs
Xylazine, ketamine, Durapen (Penicillin G benzathine and penicillin G procaine), and buprenex (buprenorphine hydrochloride) were provided by East Carolina University, Department of Comparative Medicine (Webster Veterinary Supplies Vortech Pharmaceutical Ltd., Dearborn, MI). Dextrose and phenylephrine hydrochloride were purchased from Sigma Chemical (St. Louis, MO), and povidone-iodine solution from Norton (Rockford, IL).
Data analysis and Statistics
Values are presented as means ± S.D. Normal distribution was ISSN: 2474-3690 checked using column statistics (modified Kolmogorov-Smirnov test, GraphPad Prism, software release 5.0). Mean arterial pressure (MAP) was calculated as diastolic pressure + one-third pulse pressure (systolic -diastolic pressures). Baseline body weight, ventricular weight and cardiovascular variables were pooled from all SHR and WKY rats (n = 18 each). Unpaired Student t test was used for simple comparisons. The repeated measures analysis of variance (ANOVA) followed by a Newman-Keuls post-hoc test was used for multiple comparisons. Statistical significance was defined as p < 0.05. Table 1 illustrates the body and ventricular weights and basal cardiovascular parameters for SHR and WKY rats. The absolute LV weight and the LV/body weight ratios were significantly (P<0.05) higher in SHRs (Table 1 ). The RV weight and the RV/body weight ratios were similar in the two strains of rats ( Table 1) . As expected, MAP was significantly (P < 0.05) higher in SHR than in WKY rats ( Table 1) . Measurements of LV performance revealed significantly (P < 0.05) higher LVESP, LVDP, LV dp/dt max , and LV dp/dt min in SHRs (Table 1) . There was no difference in LVEDP or isovolumic relaxation constant (τ) between the two strains ( Table 1 ).The LV NO metabolites (Table 1) and nNOS, but not eNOS, protein expression ( Figure 1 ) were significantly (P < 0.05) higher in SHRs than in WKY rats.
Results

Ventricular weights and cardiovascular variables
Strain-dependent effects of volume or pressure overload on LV performance
To determine the impact of volume or pressure overload on cardiac function in SHR vs. WKY rats, the changes in hemodynamic parameters were compared after subjecting the animals to low-and high-rate volume or pressure overload challenge. The data were presented as percentages of basal values since there were marked differences in basal values between the two strains. In both strains of rats, low-and high-rate of 5% dextrose infusion (0.01 and 0.03 ml/100 g BW/s, respectively) for 30 seconds elicited volume-dependent reductions in LV dp/dt max , LV dp/dt min , LVDP, and MAP (Figure 2A , Figure B , Figure C and Figure F) , and increases in LVEDP ( Figure  2E ). These hemodynamic responses started during the dextrose infusion, reached steady state within 5 min, and dissipated after approximately 30 min ( Fig. 2A-F) . Nonetheless, the reductions in cardiac indices were less pronounced in SHRs, particularly, the significantly (P < 0.05) smaller reductions in LV dp/dt max ( Figure 2B ). By contrast, the increases in LVEDP were substantially (P < 0.05) more pronounced in SHRs ( Figure 2E ) indicating better preserved LV contractile function during volume load in SHRs. On the other hand, the ratio of LV dp/dt max to LV dp/dt min was significantly higher in SHR compared with WKY rats (1.37 ± 0.07 vs. 1.04 ± 0.12, p < 0.05) indicating a negative lusitropic pattern in hypertrophic SHR hearts. No significant changes in HR were observed in either rat strain (data not shown). The isovolumic relaxation constant (τ) was also higher in SHRs compared with WKY rats under low-rate volume overload challenge (13.46 ± 2.75% vs. 7.41 ± 1.01% increase). The τ increased in both strains of rats with high-rate volume overload challenge but no significant differences were observed.
Pressure overload caused by phenylephrine infusion (8 µg/kg/ min) elicited similar steady-state elevations in MAP in the two strains of rats when presented as percentages of baseline pressure values ( Figure 3A) . Similarly, the absolute increases in MAP caused by phenylephrine infusion in SHRs and WKY rats were not statistically different (e.g. 21 ± 6 vs. 17 ± 8 mmHg after 100 min of phenylephrine infusion). However, under similar pressure overload conditions ( Figure 3A) , SHRs exhibited significantly (P < 0.05) greater increases in LV dp/dt max , LV dp/dt min , LVESP and LVDP compared with WKY rats ( Figure 3B, Figure C , Figure D and Figure F) . Unlike the volume challenge, no differences in the ratio of LV dp/dt max to LV dp/dt min or isovolumic relaxation constant were observed between the two strains (data not shown). HR was slightly decreased during phenylephrine infusion in strain-independent manner (SHRs, -4.7 ± 3.8%; WKYs, -2.6 ± 0.8%, P>0.05).
Volume or pressure overload increases LV ROS level in WKY rats
Basal ROS levels were slightly but not significantly higher in LV tissues of SHRs compared with WKY rats (Figure 4 ). On the other hand, the volume or pressure overload challenge significantly (P < 0.05) elevated LV ROS in WKY rats in contrast to no effect in SHRs (Figure 4) .
Discussion
In the present study we investigated the effects of preload and afterload challenges on LV performance in the presence of LV hypertrophy in conscious unrestrained 6-month-old SHRs as compared to age-matched WKY rats. The main findings of this study were: 1) at baseline conditions, SHRs exhibited LV hypertrophy accompanied by increases in LV contractility and unaltered LV diastolic function; 2) an adaptive upregulation of LV nNOS exists in SHRs; 3) preload challenge, by rapid elevation of volume load of LV, caused less reductions in LV dp/dt max and LVDP, and prolongedthe 
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isovolumic relaxation constant, in SHRs; 4) SHRs manifested enhanced LV contractility in response to the pressure load challenge, compared with WKY rats; and 5) the differences between in LV responses of SHR and WKY rats to overload challenges (volume or pressure) can be attributed, at least partly, to inter-strain differences in LV ROS generation. Collectively, the data suggest that despite LV hypertrophy, the SHR exhibits better LV function at basal level, and following interventions that cause deficits in LV function when compared to WKY (control) rats.
LV mass (LV/BW ratio) was significantly higher in SHRs compared with WKY rats, which is consistent with LV hypertrophy in hypertensive rats as reported elsewhere [34] . However, contrary to what we expected, SHRs exhibited significantly higher LV dp/dt max , LV dp/dt min , LVESP and LVDP indicating increased basal LV contractile function. Notably, LV performance of hypertrophied hearts in both experimental animals and in patients has been reported as normal [35] , enhanced [36] or depressed [37] . In support of our results, McCrossan et al. [38] demonstrated that SHRs, similar in age to those in our study, exhibited concentric hypertrophy with larger volume of cardiomyocytes and significantly higher myocardial contractility, compared to age-matched WKY rats. Cingolani et al. [34] found that LV dp/dt max and LV maximum dp/dt-end-diastolic volume relation were higher in 10-month old SHRs. Nonetheless, unlike our current study in which SHRs showed normal LV diastolic function at baseline conditions, the SHRs exhibited end-diastolic stiffness and diastolic dysfunction in other studies [34] . This discrepancy may be due to the use of older SHRs (10 months) in the latter study [34] , compared with the 6 month-old SHRs used in our study.
The role of endogenous NO production in the regulation of ventricular performance remains unclear. Ashley et al. [39] demonstrated that cardiomyocyte contraction increased when nNOS activity was suppressed by genetic disruption or pharmacological inhibition. Enhanced LV systolic function and elevated LV ejection fraction were seen in nNOS -/ -, compared with the wild type [40] . These findings indicated negative regulation of myocardial contraction by nNOS. In our study, nNOS, but not eNOS, expression was significantly higher in LV of SHRs compared with WKY rats ( Figure  1) . Notably, the higher NOx level in the same LV tissues of SHR (Table 1) , which is consistent with reported findings [41] , supports the involvement of the upregulated nNOS in the higher LV NO in SHRs. The upregulation of nNOS in LV of SHR may be a regulatory mechanism to maintain energetic homeostasis in performanceenhanced hearts of SHRs. Unlike nNOS, LVeNOS expression was similar in SHRs and WKY rats (Figure 1 ). This finding may contrast with reported NOS involvement in ventricular performance. First, in eNOS knockout murine model, chronic pressure-overload results in myocyte hypertrophy, LV fibrosis, and impaired systolic contractility and diastolic relaxation [42] . Second, eNOS over expression in the mouse myocardium enhances cardiac NO generation and reduced LV contractility [43] . Because endogenous NO exerted a positive inotropic effect in the wild type animal, a dual myocardial regulatory activity for eNOS on myocardial contractility has been suggested [43] . It is likely that these different findings relate to species, strain and age differences and whether anesthesia was used or not. More studies are needed to address these issues.
With the exception of LVEDP, all indices of systolic and diastolic performance were negatively impacted by the rapid infusion of 5% dextrose (0.01 and 0.03 ml/100g BW/s) in the two rats strains (Figure 2 ). This finding is consistent with reported studies, which suggested a role for endocardial ischemia and reduced transient Ca 2+ currents in ventricular dysfunction induced by volume overload [44] . Interestingly, our data revealed remarkable strain-dependent differences in the LV response to the volume overload challenge. Most notably, significantly smaller reductions in LV dp/dt max and LVDP were observed in SHRs compared with WKY rats. This finding suggests that at the age of the rats used in the present study (6 months) , the systolic function of SHRs is better protected against the detrimental effects of volume overload.
Given the substantially higher LV dp/dt max to LV dp/dt min ratio in SHR, than in WKY, rats, it is likely that a more negative lusitropic pattern existed in the hypertrophic heart of SHRs. Indeed, the prolongation of the isovolumic relaxation constant (τ), which reflects cardiac diastolic function [45] , in SHRs compared with WKY rats, might infer a delayed LV relaxation in response to volume overload in SHRs. Such reductions in LV compliance may be accounted for by the existing hypertrophied LV. Together; the present study is the first to demonstrate the contrasting LV consequences of the volume overload challenge, enhanced systolic and worsened diastolic performance in SHRs.
The LV performance is also influenced by afterload. Aortic constriction and phenylephrine infusion are effective maneuvers to test the influence of pressure overload on LV function [21, 29, 46 ]. In the current study, we examined the impact of sustained steadystate elevations in afterload, induced by phenylephrine infusion, on LV performance. In order to permit appropriate inter-strain comparisons, we selected an infusion regimen of phenylephrine that caused similar (~ 15%) and sustained elevations in arterial pressure throughout the 2-hr observation period ( Figure 3A ). While such intervention exerted little effect on LV performance in WKY rats, SHRs exhibited significant increases in LV dP/dt max , LV dP/ dt min , LVESP and LVDP for approximately 50 min (Figure 3 ). These exciting new findings suggest that the adaptive LV hypertrophy, due probably to chronic hypertension, might enable the SHR to preserve LV performance following sudden increase in the afterload.
Although growing evidence implicates oxidative stress in the development of LV hypertrophy [47, 48] , it is not known if oxidative stress is the cause or consequence of ventricular hypertrophy [49] .We show that myocardial ROS level, a well accepted measure of oxidative stress [14, 33] , was similar in SHRs in presence of LV hypertrophy and in their controls ( Figure 4 ). This finding suggests that LV hypertrophy in 6-month old SHRs is not dependent on oxidative stress. This finding is partly supported by the reported observations that while ventricular hypertrophy developed in relatively young SHRs (4-month-old), increased generation of ventricular ROS along with more deterioration in the hypertrophied LV performance became manifest in SHRs at the age of 11 months and older [49] . Equally important, the similar basal LV ROS levels in the two rat strains argue against a role for oxidative stress in the SHR-WKY differences in LV performance. Nonetheless, we show here that the LV overload challenges (volume or pressure) increased the ventricular ROS levels in WKY rats in contrast to no effect in SHRs. Therefore, it is plausible to suggest that the ability of the SHR LV to resist the induction of oxidative stress might explain, at least partly, the better (preserved) LV performance following volume or pressure challenges in SHRs compared with WKY rats. It is unlikely, however, that the deteriorated oxidative state in phenylephrine-treated WKY rats has contributed to the concomitant increases in blood pressure because similar blood pressure rises were observed in the two rat strains ( Figure 3A ). This view is supported by the study of Zhang et al. [50] , which failed to establish any correlation between the hypertensive and LV oxidative response elicited by phenylephrine or other vasopressor agents, e.g. angiotensin II, in normotensive rats.
In conclusion, compared with age-matched WKY rats, 6-month old SHRs manifested LV hypertrophy along with enhanced LV contractility and normal diastolic function. An increase in nNOS expression in LV of SHRs may be a regulatory mechanism for enhanced LV contractility. The adaptive LV hypertrophy in SHRs permitted the sustainability of the increase in LV contractile performance in response to pressure-load challenge. The acute volume overload challenge improved the systolic performance and induced negative lusitropism in SHRs. The increased generation of LV ROS in WKY rats might contribute to the LV deficits caused by overload challenges while the ability of the SHR to resist the induction of LV ROS generation might explain the better preserved LV function under similar overload conditions in this model of genetic hypertension. 
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